Abstract Single particle inductively coupled plasma mass spectrometry (spICP-MS) is shown to be a practical technique to study the efficacy of rate-zonal sucrose density gradient centrifugation (SDGC) separations of mixtures of gold nanoparticles (AuNPs) in liquid suspension. spICP-MS enabled measurements of AuNP size distributions and particle number concentrations along the gradient, allowing unambiguous evaluations of the effectiveness of the separation. Importantly, these studies were conducted using AuNP concentrations that are directly relevant to environmental studies (sub ng mL
Introduction
The field of nanotechnology has fostered innovations that have facilitated the exponential growth of the incorporation of nanomaterials into consumer products, [1] biomedical applications, [2] sensing devices, [3] photovoltaics, [4] and many other forms of technology. Nanoparticles (NPs), defined as nanomaterials with three external dimensions falling in the range from 100 nm down to approximately 1 nm, [5] may have a natural or an anthropogenic origin and can be synthesized in a plethora of shapes and sizes [6] [7] [8] [9] with varying compositions. [10] [11] [12] [13] Fabricators have placed an emphasis on the synthesis of NPs of uniform and discrete shapes and sizes with low polydispersity in order to achieve well-defined properties and functions. [14] Uniformity in size can be accomplished by adjusting growth parameters during synthesis [15, 16] or by resorting to post-synthesis purification procedures, [17] [18] [19] the latter being the preferred choice in many cases due to the efficacy of available size separation techniques. [14] Among all the methods commonly used for NP separation and purification, [20] centrifugation is usually considered the simplest and most convenient. [21] More specifically, density gradient centrifugation has been utilized to achieve size, Published in the topical collection Single-particle-ICP-MS Advances with guest editors Antonio R. Montoro Bustos and Michael R. Winchester.
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shape, and agglomeration/aggregation control. [22] This approach has been applied to the separation/purification of nanomaterials in recent years, but at high concentration levels. An iodixanol gradient was used for the separation of FeCo@C, [14] while a CsCl gradient has been applied to isolate gold NPs, dimers, and trimers. [23] Currently, sucrose, the most prevalently utilized gradient medium, has been applied to separate gold nanorods, [22] carbon nanotubes, [24] titanium dioxide, [25] and gold and silver NPs in plant leaf extracts. [26] In our research group, the real-life application of a sucrose density gradient centrifugation (SDGC) protocol has been recently employed in a bioaccumulation study for the facile separation of AuNPs in Caenorhabditis elegans (soil inhabiting nematode species [27] ) after 24 h incubation, initiating whole organismal metrology efforts. (Johnson et al. 2016 , to be submitted to ACS Nano) Typically, the verification of physical separation of different NP sizes in polydispersed mixtures is accomplished with non-quantitative approaches, such as ultraviolet-visible spectroscopy (UV-vis) and transmission electron microscopy (TEM), which are inherently limited to detection at high concentrations (sub μg mL −1 levels). However, characterizing and quantifying NPs and NP mixtures under realistic environmental exposure conditions remains a substantial challenge because of the extremely low environmental concentrations of NPs (on the order of pg mL −1 ) in complex matrices. [28, 29] Inductively coupled plasma-mass spectrometry (ICP-MS) is considered one of the most versatile elemental techniques, providing rapid multi-elemental analysis and low detection limits (sub pg mL ) for a large range of samples on a routine basis. Overall, ICP-MS can currently be considered the technique of choice for reliable quantification and elemental characterization of metallic NPs. [30] A relatively recent modification of conventional ICP-MS, which performs Bparticle by particle^measurements by operating in a time-resolved analysis mode with short detector dwell times, is single particle (sp)ICP-MS, an emergent technique for detecting, characterizing, and quantifying NPs. [31] spICP-MS is presently the only technique which enables the simultaneous acquisition of valuable types of information about metal-containing NPs, such as the elemental composition, size and size distribution, and number concentration at mass fraction levels down to sub pg g −1 levels. [32, 33] Moreover, the spICP-MS capability of differentiating between dissolved and particulate forms of an element [34] and its ability to resolve the components of polydispersed samples containing dissolved ions and NPs of more than one size [35] [36] [37] make this an advantageous technique for the advancement of nanotechnology. The objective of the study reported here is to examine the practical utilization of spICP-MS to study the suitability of rate-zonal SDGC separations of AuNP mixtures at environmentally relevant concentrations, using total Au analysis by conventional ICP-MS as a prescreening tool. Size characterization, quantification, and the contribution of each component of several mixtures, in terms of nanoparticle size and number concentration across the sucrose layers, are investigated. The influence of equal particle number concentration (ePNC) and equal Au mass fraction (eMF) conditions on the efficacy of the separation is explored. These parameters are critical, because the distribution of NPs across layers of different densities is expected to be governed by particle number concentration, although an equal mass fraction scenario is employed in many research efforts.
Finally, we emphasize that the mass fractions of nanoparticles under study are in the environmental range (sub ng g −1 levels), meaning that they are in the range in which nanoparticles are typically found in actual, environmental samples. This is extremely important, because of the tendency of many researchers involved in environmental, health, and safety (EHS) studies of nanomaterials to use much higher nanoparticle concentrations. While there may be many reasons, two possible reasons for the use of such high concentrations are to ensure a response in toxicological studies and to make the nanomaterials detectable using typical analytical methods, such as TEM. The use of high concentrations brings into question the real-world significance of conclusions drawn from such work. In the work reported here, spICP-MS enables for the first time the evaluation of the application of SDGC to the separation of NP mixtures at the low levels found in environmental samples, enabling EHS studies at realistic concentration levels. We should also emphasize that the major usefulness of SDGC is that it potentially provides physical separations of the discrete components of mixtures of NPs with different sizes, shapes, and concentrations in a myriad of realistic NP exposure scenarios in a nondestructive way, preserving the separated components for further study. While it would be possible to use spICP-MS alone on an environmental sample to characterize the NPs therein, those NPs would be destroyed in the process. Therefore, we consider that the use of SDGC and spICP-MS in tandem, as described in this paper, provides a capability never before achieved.
Materials and methods

Chemicals
All chemicals were of analytical grade and used as received without further purification. High-purity water (≥18 MΩ · cm resistivity, Millipore) and Optima acids (HNO 3 [38] and NIST RM 8013 (Gold Nanoparticles, Nominal 60 nm Diameter). [39] The mean diameter obtained with transmission electron microscopy (TEM), the particle number concentration, and the Au mass concentration of each of the NPs used in this work are presented in Table 1 .
Instrumentation
A ThermoFisher X series 7 quadrupole ICP-MS (Thermo, Waltham, MA, USA) was used for ICP-MS and spICP-MS measurements. Samples were introduced into the ICP torch using a quartz C-Type nebulizer (Elemental Scientific, Omaha, NE, USA) and impact bead spray chamber cooled to 2°C. The sample flow rate was set to approximately 0. 5 Au mass fractions of the components of the mixtures in the ePNC condition are given in Table S1 in the Electronic Supplementary Material (ESM). For the purpose of communication in this paper, the mixtures are sometimes referred to as either Bresolved^or Bunresolved.^These designations, obviously assigned to the mixtures after the data had been acquired, refer to the success of the size separation eventually achieved in these studies. Sucrose solutions were prepared by dissolving the appropriate amount of pure sucrose in deionized water. Solutions were gently heated and stirred until completely dissolved. Food coloring (20 μL) was added to the stock sucrose solutions as a visual aid to discriminate the different layers having e Expanded uncertainty of the mean for 95 % coverage, but only measurement repeatability was accounted for different contents of sucrose. For each experiment, the sucrose density gradient was carefully constructed from bottom to top with a transfer pipet, using a 15 mL plastic centrifuge tube as follows: 50 % sucrose (3 mL), 40 % sucrose (3 mL), 30 % sucrose (3 mL), 2 mL deionized water, and 2 mL of the particular mixture of AuNPs. (Johnson et al. 2016 , to be submitted to ACS Nano) All sucrose contents are expressed as mass fractions.
Centrifugal separation of AuNP mixtures (n = 4) was performed at room temperature in a swinging bucket centrifuge under the following conditions: 10 min at 172 g followed by, and without interruption, 10 min at 1254 g. After centrifugation, 1 mL aliquots of each replicate were successively removed from each layer by pipet from the centrifuge tubes containing the sucrose density gradient samples. (Johnson et al. 2016 , to be submitted to ACS Nano) The aliquots were designated from layer 13, corresponding to the top of the gradient composition, to layer 1 which represents the bottom most layer (see ESM Scheme S1A). Samples were weighed before total Au determination and the spICP-MS analysis in duplicate.
Determination of the total gold content in the sucrose layers by conventional ICP-MS
The determination of the total gold contents for the 1 mL samples extracted from the layers was performed in duplicate after room temperature digestion with 1 mL of aqua regia (3:1 HCl/HNO 3 , volume fraction). After 1 h, the mixtures were diluted with 12 mL of an internal standard solution containing 1 ng g −1 each of platinum and indium in 1.5 % volume fraction HNO 3 . Six gold calibration standards spanning the gold mass fraction range from 0.05 to 25 ng g −1 were prepared by serial dilution using the indium and platinum internal standard solution as the diluent. Procedural blanks with ultrapure water (n = 5), calibration standards, and sample digestions were analyzed by conventional ICP-MS under the following conditions: 90 s sample uptake; 3 replicate measurements at m/z 115, 195, and 197; 60 s acquisition time; 1000 sweeps per replicate; and 100 ms dwell time per isotope.
Single particle ICP-MS analysis
Following a calibration protocol for spICP-MS previously described, [40] the instrument transport efficiency was calibrated using the NIST reference materials 8012 and 8013, citrate stabilized AuNPs in aqueous suspension, after dilution to an approximate particle number concentration of 1.5 × 10 4 mL , respectively), and the instrument sensitivity was calibrated using dissolved Au standards.
To have fuller knowledge about the stock suspensions of all AuNPs involved in this study, each was characterized for mean size, size distribution, and particle number concentration using spICP-MS (see Table 1 and ESM Fig. S1 ). For this purpose, the nanoparticle suspensions were prepared in triplicate by gravimetric serial dilution with high-purity water to an approximate particle number concentration of 1.5 × 10 4 mL −1
(equivalent to Au mass fractions from 0.8 to 350 pg g −1
, depending on the diameter). Each prepared sample was analyzed three times for 360 s.
For the spICP-MS analyses of the 1 mL extracted layers, duplicate customized serial dilutions, based on the total gold concentrations previously determined, were carried out in order to operate within the spICP-MS linear range. Dilution factors ranging from 5 × 10 3 to 2 × 10 5 were employed. Each prepared sample was analyzed three times for 360 s. Following a strategy published by our group, a 20-fold reduced sensitivity was required to properly measure the 150 nm AuNPs. [36] All NP suspension samples for all studies reported were bath-sonicated for 4 min before spICP-MS measurement.
Results and discussion
Characterization of sucrose density gradient centrifugation by conventional ICP-MS
The separation capability of the sucrose density gradient exhibited in Scheme S1A was initially evaluated for Mixture 1 containing 30 nm (NIST 8012), 60 nm (NIST 8013), and 100 nm AuNPs in the ePNC condition. Conventional ICP-MS was used to evaluate the distribution of Au across the sucrose layers after centrifugation times of 20, 40, and 60 min. As shown in ESM Fig. S2 , a centrifugation time of 20 min resulted in what appeared to be the best separation. It is worth noting that in this ePNC condition the Au mass fraction for the 100 nm AuNPs is 6 and 50 times higher than that of the 60 and 30 nm AuNPs, respectively (see ESM Table S1 ). Therefore, it is expected that 100 nm AuNPs would be the dominant contribution regarding the total Au content. This assertion is evidenced by Fig. 1 and Fig. S2 (ESM) , where a single large peak, most likely corresponding to 100 nm AuNPs, is seen.
The separation capability of the sucrose density gradient for Mixture 1 was also tested in the eMF condition, for which the contribution of Au in three distinctive areas in the gradient was observed (see Fig. 1 ). This finding was examined further in a parallel experiment in which each component of Mixture 1 was individually applied to a separate sucrose gradient at 100 μg L −1 Au mass fraction. The results (see ESM Fig. S3) revealed an inherent overlap among two or three different AuNP sizes in all layers. This confirmed that this sucrose density gradient was unable to completely achieve the physical separation of the components of this mixture, even at such extremely low mass fractions. A quantitative mass balance for Mixture 1 was obtained for total Au across the layers (Table 2) in both the ePNC and eMF conditions, demonstrating that the initial Au content contained in the original suspensions of AuNPs was quantitatively recovered after the centrifugation process. (Throughout this study, recoveries of 90 % or greater are considered quantitative.) The quantitative recoveries reveal that conventional ICP-MS plays a role in validating the efficacy of the centrifugal separation methodology. Nevertheless, it is important to stress that in both the ePNC and eMF conditions, total Au analysis provided no evidence of a physical separation of the components of Mixture 1 across the sucrose density gradient.
An alternative gradient, presented in Scheme S1B (ESM) and composition found in the ESM, was employed to explore the possibility of improving the efficiency of separation of Mixture 1 at both ePNC and eMF conditions. However, total gold analysis (ESM Fig. S4) showed a similar behaviour to previous gradient features, with no improvement in the efficiency of the separation for the new gradient. Therefore, the original gradient (ESM Scheme S1A) was employed thereafter.
spICP-MS
Total Au analysis by conventional ICP-MS revealed a lack of physical separation of the three components of Mixture 1. The concentration of each component of AuNPs assayed was extremely low for examination by classical NP characterization techniques, such as dynamic light scattering (DLS), transmission and scanning electron microscopies (TEM and SEM), UV-vis spectroscopy, atomic force microscopy (AFM), etc. This was confirmed after an attempt to characterize the AuNPs of the layers of the gradient by high resolution SEM. No NPs were detected for layers that contained the highest Au mass fractions in either the ePNC or eMF conditions (data not shown). Therefore, spICP-MS was anticipated to be an advantageous tool, because it is capable of simultaneously sizing and quantifying the components of NPs with different sizes at mass fraction levels down to sub pg g
Before performing spICP-MS analyses on samples derived from the sucrose density gradient centrifugation experiments, it was expedient to evaluate the performance of the specific spICP-MS measurement procedure to be used. To accomplish this, the mean diameter, size distribution, number concentration, and Au mass fraction recovery of each AuNP component, suspended in fresh water, used to prepare the mixtures was measured using the spICP-MS protocol. The results shown in Table 1 and Fig. S1 (ESM) show acceptable performance.
Based on previous total Au analysis results for Mixture 1, customized serial dilutions of 1 mL aliquots extracted from the gradient layers for the ePNC and eMF conditions were Practical use of spICP-MS to study SDGC for the separation of NPsprepared to ensure operation within the linear range of spICP-MS, assuming one predominant AuNP component located in every layer. It should be stressed that while the conventional ICP-MS analysis results were helpful for estimating these customized dilution factors, such results were not strictly necessary. However, exclusive spICP-MS analysis would be laden with trial and error with respect to dilution factors for achieving the linear range, increasing the time and sample consumption and laboratory effort. After the dilutions had been performed, the AuNP number concentrations and size distributions were measured for the diluted samples, assuming monodisperse, spherical particles. Figure 2a shows the results of the spICP-MS quantification of the particle number concentration of each AuNP size component in Mixture 1 in every single layer of the sucrose density gradient after centrifugation. The data shown are for the ePNC condition. Note that the particle number concentration is expressed as recovery, calculated as the ratio of the AuNPs found in one layer to the total number of AuNPs loaded to the gradient, where the latter was estimated from the TEM mean size and the Au mass fraction provided in the Reports of Investigation [38, 39] or the specification reported by the supplier. To derive the results, it was necessary to decide which AuNP events observed in the spICP-MS data would correspond to each AuNP component population of the mixture. The size histograms generated for the individual AuNP component populations suspended in fresh water (ESM Fig. S1 ) were used for this purpose. Specifically, AuNPs in the ranges of 10 to 44 nm, 45 to 84 nm, and 85 to 120 nm were attributed to 30, 60, and 100 nm AuNPs, respectively. From the information in Fig. 2a , the 30 nm AuNPs are mainly confined to layers 13 to 10, with a smaller contribution in layers 9 to 7. The 60 nm AuNPs are mainly located in layers 10 to 8, but also are present through layers 13 to 11 and 7 to 6. However, the 100 nm AuNPs are found predominantly in layers 9 to 6, with significantly smaller quantities in layers 5 to 1. Note that the quantification of the particle number concentration carried out by spICP-MS for the 100 nm AuNPs was in good agreement with the total Au results obtained by conventional ICP-MS. Furthermore, spICP-MS allowed the quantification of 30 and 60 nm AuNPs in the ePNC condition, which was not feasible by the total Au approach. The mass balance for the three components of Mixture 1 is shown in Table 3 . A quantitative recovery for 60 and 100 nm AuNPs was obtained; however, a recovery of only approximately 60 % was achieved for 30 nm AuNPs. We are unsure why the recovery was low in this case, but we believe it might be due to an inadvertent overdilution of the first layers of the gradient, which hampered the quantitative detection of the 30 nm AuNPs. This conjecture is supported by the spICP-MS size distributions for layers 13 through 11 presented in Fig. S5 in the ESM, which show relatively few AuNP events compared to the remaining layers where the larger AuNPs are mostly located.
The spICP-MS mean AuNP diameters observed in the layers are presented in Fig. 2b . Again, the lack of physical separation of the discrete AuNP sizes of Mixture 1 along the gradient is evident. More detailed information about the relative contribution of each component to the total number of AuNPs detected in each layer and about the size distributions across the layers are presented in the ESM in Fig. S6 and Fig. S7, respectively. The behavior of the separation of Mixture 1 in the eMF condition within the gradient is exhibited in Fig. 3 . The recovery for the 100 nm AuNPs was quantitative [from (114.6 ± 20.0) %; Table 3 ] and matched the profile found using the ePNC condition, since they were present at the same Au mass fraction. A cursory glance at Fig. 1 (solid line) would lead to the initial interpretation that there was a discrete separation of the three components. However, spICP-MS analysis revealed a possible (Fig. 3a) . For Mixture 1 in the eMF condition, it is worthwhile to note that for 30 nm AuNPs, the particle number concentration was a factor of 8 times and 46 times higher than for 60 and 100 nm AuNPs, respectively. This explains the prevalence of 30 nm AuNPs and the presence of some 60 nm AuNPs across all the layers (ESM Fig. S7 and Fig. S8 ). Figure 3b displays the variation of the mean size throughout the gradient using spICP-MS. Layers 13 to 10 convey the predominance of the 30 nm AuNPs; however, the influence of the 30 nm AuNPs can be noted in the bias towards a smaller mean size in the layers where larger AuNPs were located (7 and 6), causing an inversion of the trend in the last five layers. Again, a quantitative recovery of the particle number concentration was achieved for 60 and 100 nm AuNPs (Table 3) . However, for the 30 nm AuNPs, a quantitative recovery was not possible (only ≈ 70 %) due to the existence of ≈ 5 % of agglomerates (from 145 to 200 nm) in the last five layers, which can be explained by the coexistence of the 30 nm AuNP in the layers containing larger particles. Similar to Mixture 1, total Au analysis (ESM Fig. S9 ) revealed a Bnon-ideal^separation of the three components of Mixture 2 for both the ePNC and eMF conditions. Details of the particle number concentration, the Uncertainties correspond to single standard deviations size distribution histograms of the components across the layers, the mean NP sizes observed in the layers, and the global recovery for both the ePNC and eMF conditions are displayed in the ESM from Fig. S10 to Fig. S13 and Table S2 .
spICP-MS size resolution and number quantification capabilities for a Bresolved^mixture: Mixture 3
The efficiency of the sucrose density gradient to separate an Bideal mixture^was finally assessed using Mixture 3. This mixture was designed to avoid the coexistence of the two smaller AuNPs of the mixtures, which previously hampered the proper evaluation of the gradient separation capacity. Contrary to the scenarios previously described, a different total Au analysis profile was revealed in the ePNC condition, where at least a clear separation between the 80 and 150 nm AuNPs was obtained (ESM Fig. S14 ). However, total Au analysis still failed to provide information regarding the location of the 30 nm AuNPs within the gradient, due to the very low relative Au mass fraction in Mixture 3 (175 times lower than 150 nm). As clearly shown in the spICP-MS recovery results (Fig. 4a) , a far superior separation of the three components was achieved for Mixture 3 in the ePNC condition. In this case, AuNPs in the ranges of 10 to 49 nm, 50 to 109 nm, and 110 to 199 nm were attributed to 30, 80, and 150 nm AuNPs, respectively. Evidenced by Fig. 4a , > 85 % of 30 nm AuNPs were confined to layers 13 to 10 where no traces of 80 nm AuNPs were found. In fact, 80 nm AuNPs were mainly located in layers 10 through 7 and the 150 nm AuNPs were found predominantly in layers 5 to 1. Interestingly, coexistence of a small amount of 80 nm and 150 nm AuNPs can be seen only in layer 6, the interface between the 30 and 40 % sucrose layers. Moreover, this practically total physical separation enables the acquisition of a quantitative recovery for all the components (Table 4) . Corroborating the quantitative number concentration results, the size distribution histograms across the layers, presented in Fig. 5 , provide a clear visualization of the practically total separation of the components of Mixture 3. (The relative contributions of each AuNP size to each layer are shown in ESM Fig. S15 .) Notice the presence of three discrete plateaus in the plot of the variation of the mean AuNP size observed across the layers (Fig. 4b ). Both results demonstrate the suitability of the SDGC approach to efficiently separate the components of Mixture 3. However, the most important point is that this key finding on the resolution power of the SDGC at such low AuNP concentration levels can only be addressed with spICP-MS detection.
Comparable to the ePNC condition, spICP-MS recovery showed an apparent physical resolution for the constituents of Mixture 3 in the eMF condition (Fig. 6a) , as well as a quantitative recovery for all sizes (Table 4) . Quantitative recovery for the smaller AuNPs was finally achieved for Mixture 3 in both conditions, implying not only an efficient separation, but also a lack of agglomeratation. It is important to stress that the particle number concentration of 30 nm AuNPs was a factor of 26 times and 175 times higher than for the 80 and 150 nm AuNPs, respectively. In this context, the presence of traces of 30 nm AuNPs found in denser layers, supported by the size histograms along the gradient (ESM Fig. S16 ) and the contribution of 30 nm AuNPs to the total number of NPs detected (ESM Fig. S17 ), impacted the mean size determined within those layers (Fig. 6b) . This effect indicates an overwhelming of the separation capacity of the sucrose gradient for smaller NPs in such mixtures, where different NP sizes are p r e s e n t i n a l a rg e r a n g e o f p a r t i c l e n u m b e r concentrations.
Conclusions
In this paper, the proof of concept of using spICP-MS to study the capabilities of SDGC for the separation of different AuNP mixtures at two environmentally relevant conditions (ePNC and eMF) has been demonstrated. We again emphasize that the NP concentrations studied here are those that might be found in actual environmental samples, and that using such low NP concentrations was made possible by the use of SDGC in tandem with the extremely good sensitivity of spICP-MS. In this respect, spICP-MS reflects a substantial advantage over conventional analytical techniques (e.g. UV-vis, dynamic light scattering, TEM, atomic force microscopy, differential mobility analysis, etc.), which are typically limited to providing information at higher concentration levels of NPs. Therefore, the results of this paper open greater possibilities of performing EHS studies on nanomaterials with truly meaningful results. It should also be noted that implementation of spICP-MS alone in such studies is not always advisable, due to the destructive nature of the technique. In contrast, SDGC in nondestructive, leaving the separated NPs available for further study. In the NP-synthesis field, post-synthesis NP separation protocols are critical for achieving NP suspensions of discrete sizes and shapes, and aggregation control. These separation processes must be carefully developed, assessed for the efficacy of the physical separation/ isolation of the components of interest, and suitably optimized/modified before long-term implementation. For this study, after customized dilutions of each individual layer of the gradient, spICP-MS was employed to measure AuNP size, size distribution, and particle number concentration in each layer, thereby delineating the contribution to each layer of each AuNP component of the three mixtures under study. Even in the event that conventional ICP-MS does not display evidence of a physical separation of the components, spICP-MS was able to characterize the AuNP size distribution within the SDGC separation. That was the case for Mixture 1 and Mixture 2, whose three components exhibited a Bnon-ideal^separation pattern. spICP-MS size and particle number concentration results corroborated a lack of separation of the discrete AuNP sizes of both mixtures. These mixtures exhibited evidence of the coexistence of the two smaller AuNPs, which hampered a proper evaluation of the separation capacity.
In contrast, the sucrose density gradient proposed here was able to efficiently address the separation of Mixture 3 (30, 80 and 150 nm) at a short centrifugation time (20 min). For this Bideal mixture^the presence of AuNPs with enough difference in mass and size resulted in a far superior separation in the ePNC condition, as proved by only spICP-MS. Unlike Mixture 1 and Mixture 2, a quantitative recovery of particle number concentration was obtained for all three components of Mixture 3 in both conditions (ePNC and eMF), which reinforces the suitability of spICP-MS to properly assess the efficiency of this SDGC method.
It is important to note that in the eMF condition, used in many research efforts, the presence of traces of smaller AuNPs in denser layers impacted the mean size and the size distribution in all mixtures. This fact indicates that the separation capacity of the sucrose gradient for smaller NPs is overwhelmed at higher particle number concentrations, which may have important implications for current practical applications.
The results from this study might be further applied toward the separation and/or characterization of complex mixtures of NPs in many relevant fields, such as environmental nanotechnology, NP-organism uptake studies, (Johnson et al. 2016 , to be submitted to ACS Nano) waste water treatments, and quality control of consumer products, etc. This approach also opens the door to further research into the evaluation of mixtures of NPs of different elemental composition, taking advantage of the multi-elemental capability of spICP-MS. Additional experiments are needed to optimize the sucrose density gradient composition to reconcile between a total physical separation of NPs at extremely low levels and centrifugation time.
